Abstract Cellulose nanocrystals (CNC) were investigated for use in a potential new application, enhanced oil recovery. Core flooding experiments were performed on outcrop sandstone cores using CNC particles dispersed in low salinity brine (CNC-LS). Core flooding experiments performed on fully water-saturated cores confirm that a majority of viscosity-generating CNC particles successfully traverse the cores at temperature conditions ranging from 60 to 120°C. Oil recovery tests performed on crude oil saturated sandstone cores at 60 and 90°C show that when CNC-LS is applied in tertiary mode, ultimate oil recovery increases. During tertiary CNC-LS injection, CNC particles exacerbate differential pressure fluctuations, a phenomenon attributable to log jamming in pore throats, causing remobilisation of oil trapped within pore space regions. Results from the current work indicate that CNC particles dispersed in low saline brine remain promising for implementation in enhanced oil recovery operations.
Introduction
The world is experiencing ever-increasing demand for energy, and although substantial attention is directed towards the ''green revolution'', with energy originating from renewable sources, it remains an unavoidable fact that petroleum-derived products will continue to play an important role in everyday life.
Many oilfields around the world are approaching, or have already attained, a phase in which the rate of production is declining (Hendraningrat et al. 2013) . Average oil recovery factors from mature oilfields typically varies between 20 and 40%, signifying that as much as 60-80% of the original oil in place (OOIP) remains within the reservoirs, even after conventional recovery techniques are exhausted. In the current economic environment, with moderate oil prices, an increase of a few percentage points of OOIP may be economically viable in comparison to the extensive costs associated with exploration and development of new wells. It is becoming increasingly challenging to discover new oilfields suitable for production, and many unexplored oilfields are located in remote and/or environmentally vulnerable regions (Muggeridge et al. 2014) .
Oil is recovered from reservoirs by establishing pressure gradients, thereby causing oil to flow towards production wells. In primary, or first-line oil recovery, this process is driven by natural flow, and is occasionally assisted by artificial lift operations. Secondary oil recovery involves displacement of oil from a reservoir by means of gas injection or water flooding. Offshore reservoirs typically use dedicated injection wells to flood seawater into the formation (Muggeridge et al. 2014; Thomas 2008; Wei et al. 2016) . The injection fluid is generally less viscous than the reservoir oil, which reduces the effective sweep efficiency (Liu et al. 2012) . The ultimate oil recovery is a product of two efficiency parameters: microscopic displacement efficiency and macroscopic sweep efficiency. Microscopic displacement efficiency is a measure of oil recovery at the pore scale. Because of wetting and capillary trapping of oil in pore space regions, this efficiency rarely exceeds 70% OOIP (Hu et al. 2016) . The second determinant is the macroscopic sweep efficiency, denoting the volumetric fraction of reservoir oil exposed to injection fluid. Production techniques that improve these two parameters are classified as tertiary, or enhanced oil recovery (EOR) (Taber et al. 1997) .
The term EOR comprises a variety of production methods. The current article focuses on chemical EOR techniques, specifically, alteration of the ionic composition of injection brine in conjunction with addition of CNC nanoparticles to the brine. Formulation of polymers into the injection fluid increases the aqueous phase viscosity, thereby reducing the effective mobility ratio between the aqueous and oil phases. Reduced mobility ratios result in increased oil displacement by improving both vertical and areal sweep efficiencies (Raney et al. 2012) . Polymeric flooding techniques have been thoroughly developed and field-implemented within the last 40 years (Kamal et al. 2015) . Two polymer types are widely applicable to chemical EOR, including synthetic hydrolysed polyacrylamides (HPAMs) and the polysaccharide biopolymer xanthan gum. HPAM is more commonly applied than xanthan gum, as a result of lower economic costs and more favourable viscoelastic properties (Sheng et al. 2015) . However, both polymer types have unfavourable properties with respect to EOR usage; HPAM is unstable in high salinity dispersions and at elevated reservoir temperatures, in addition to being susceptible to shear degradation (Raney et al. 2012) . Xanthan gum biopolymer tolerates high salinity and shear forces, but exhibits poor thermal stability (Seright and Henrici 1990) . In addition, reservoir problems with formation plugging, viscosity loss and bacterial degradation are known to occur (Wellington 1983) . The practical consequence of bacterial biodegradation is that toxic biocides are necessary in the injection brine formulation, resulting in an otherwise non-toxic fluid formulation becoming hazardous to the environment. HPAM also shows problems resulting from poor biodegradation characteristics, necessitating postflooding water treatment processes that are costly, time consuming and potentially pose environmental threats if unsuccessfully performed (Guo 2013) . Substantial environmental concerns are related to HPAM breakdown into toxic acrylamide components subsequent to the slow natural degradation process, which is hazardous to local ecosystems (Aguiar and Mansur 2016; Bao et al. 2010) .
Cellulose nanocrystals (CNC) are introduced as a potential green alternative to water-assisted polymer flooding. CNC are rod-like particles produced from cellulose derived from various sources, most often wood, by controlled acid hydrolysis (Klemm et al. 2011) . Obtained from an abundant and entirely renewable natural resource, CNC is completely nontoxic and biodegradable, and is designated as a green flooding chemical according to the OSPAR Commissions PLONOR list (OSPAR 2016) . CNC particles from wood are usually 3-5 nm wide and have lengths ranging from 100 to 200 nm (Habibi et al. 2010) . CNC particles do not substantially alter the viscosity of injection brine, but improve the microscopic and macroscopic sweep efficiencies through flow diversion. As is the case with the particles used in the current experiments, CNC is often produced using 64 wt% sulphuric acid at a temperature of 45°C, with reaction times dependent upon the selected reaction temperature (Reiner and Rudie 2013) . Acid reacts with hydroxyl groups at the surface of cellulose, removing amorphous portions of cellulose, and yielding crystalline CNC particles that contain charged sulphate half ester groups at the surface. The sulphate half ester groups present at the surface render the CNC particles anionic, promoting dispersion of the particles in water (Revol et al. 1992) . Utilization of CNC particles for petroleum industry applications is not completely novel; CNC has been utilized as a mechanical strengthening agent in cement, by addition to well fluids, and CNC has been utilized in order to increase the viscosity of water-based well fluids for fracturing and gravel packing applications (Rincon-Torres and Hall 2015) . Proposals have been advanced to utilize CNC in well treatment fluids as a substitute for conventional polymers (Lafitte et al. 2014) . No reports were found of CNC use in enhanced oil recovery, but cellulose derivatives such as variations of hydrophobically modified hydroxyethyl cellulose (HM-HEC) have been investigated, although these, like HPAMs, are shown to be relatively salt sensitive (Kjøniksen et al. 2008; Wever et al. 2011) . Cellulose nanocrystals are believed to be less vulnerable to shear and biodegradation due to the well-defined crystalline morphology (Aadland et al. 2016) . CNC also shows satisfactory thermal stability within the relevant temperature range for oilfield applications (Heggset et al. 2017; Molnes et al. 2017) .
The current article presents a lab scale investigation of the potential of enhanced oil recovery in sandstone using negatively charged cellulose nanocrystals dispersed in low saline (LS) brine. The stability of CNC dispersions in low salinity (1000 ppm NaCl) brine was previously demonstrated (Molnes et al. 2016) . The prescribed flooding protocol utilizes CNC in conjunction with low salinity brines, which alter wettability conditions and thereby redistribute residual oil in the pore space regions of sandstone. In previous work, lab scale core flooding experiments performed with CNC tested injectivity as well as possible retention of CNC particles inside sandstone cores. The previous investigations demonstrated that CNC particles are injectable into sandstone and are able to travel through the core, but some filtering and retention effects occur for larger particles. The filtering and retention effects are enhanced upon increasing the CNC particle concentration or the brine injection rate (Aadland et al. 2016; Molnes et al. 2016) .
A probable EOR mechanism for CNC in a porous media is log-jamming, in which particles block pore throats (larger than the particle size) and thus create microscopic flow diversion within the pore matrix. The essential factors governing log-jamming are pore size distribution, particle concentration and effective hydrodynamic size, as well as injection flow rate (Bolandtaba et al. 2009; Skauge et al. 2010 ). The porejamming effect is partially attributable to differences in mass between the particles and the dispersion medium. Pore throats are smaller than the pores, and combined with the constant differential pressure, the flow velocity will increase at the pore throats compared to inside the pores. Water molecules accelerate faster than particles at the entrance of a pore throat, due to a significant difference in mass between individual water molecules and particles. Particles will subsequently start to accumulate at the pore throat, slowly reduce the pore throat diameter, and eventually block it.
Initial reservoir wetting characteristics are determined by the achieved chemical equilibrium among the rock surface, oil and brine phases, established over millions of years. Encountered wettability extremes include completely oil wet or completely water wet rock surfaces. Typical sandstone reservoirs show intermediate wetting, also known as mixed wettability conditions. Improved recovery of oil from a reservoir in equilibrium is often attainable through alteration of the ion composition of the injection brine, which destabilises the system and increases oil flow through the porous formation (Strand et al. 2016) . The functional activity of low saline brine flooding in enhanced oil recovery is well recognized and established over many decades. Low salinity EOR flooding is experimentally verifiable at the lab scale as well as in field practice (Lager et al. 2007; Seccombe et al. 2010; Morrow 1999a, 1999b) . The generally accepted hypothesis for the functional mechanism of low salinity EOR flooding in sandstone reservoirs is that the altered ion composition of the injection fluid results in wettability alteration of the sandstone surface. However, substantial debate remains regarding the sub-process by which wettability alteration occurs (Strand et al. 2016) . Over many years, various mechanisms have been proposed: (1) migration of fines from clay (Tang and Morrow 1999a) ; (2) increase in pH due to impact from alkaline flooding (McGuire et al. 2005) , (3) multi-component ion exchange (MIE) at the clay surface (Lager et al. 2007 ), (4) migration of fines causing microscopically diverted flow (Skauge 2008) , and (5) ionic double layer expansion at the rock surface (Ligthelm et al. 2009 ). Austad et al. (2010) describe a new mechanism based on, and in agreement with, existing experimental evidence. At reservoir conditions, the pH of formation water is slightly acidic, due to the presence of dissolved acidic gases such as H 2 S and CO 2 . Negatively charged mineral surfaces, for example clay, function as cation exchange materials at slightly acidic pH conditions, adsorbing acidic and protonated basic components from the oil, as well as cations such as Ca 2? from the formation water (FW). During low salinity brine injection into such systems, desorption of Ca 2? from clay surfaces is promoted, resulting in a local pH increase at the interface between clay and low salinity brine, as Ca 2? is substituted by H ? originating from the injected fluid. A rapid reaction between OH -and adsorbed acidic and protonated basic material drives a desorption of organic material from the clay surfaces, imparting improved water wettability and generating positive capillary forces that enhance oil recovery (Austad et al. 2010) . Oil recovery experiments performed using restored cores are able to confirm that formation water injection, which does not chemically alter the initially established core wettability conditions, yields low oil recovery, typically * 40% OOIP (Piñerez Torrijos et al. 2016; Torrijos et al. 2017) . Tertiary LS brine injection follows FW injection, and substantially increases oil recovery by 8-9% OOIP, which is only attributable to alteration of surface wettability towards more waterwet conditions, and is also corroborated by spontaneous imbibition (SI) experiments. Using the identical crude oil-brine-rock system (CoBR), a secondary LS injection successfully increased the oil recovery to 66% OOIP compared to only 40% OOIP with FW (Piñerez Torrijos et al. 2016) . Secondary flooding with LS brine imparts a wettability change in the pore matrix of the sandstone core, and redistributes residual oil to the middle of the pore regions, where it is more accessible to EOR techniques. Tertiary injection of CNC particles may cause log-jamming of pore throats and divert fluid flow into less accessible, oil containing pores as a mechanism to further increase oil recovery.
The current article describes core flooding tests that have been performed on outcrop sandstone cores, saturated with LS brine, at temperature conditions ranging from 60 to 120°C, while oil recovery tests were performed on outcrop sandstone cores at 60 and 90°C. Testing at such elevated temperatures is relevant due to the thermal conditions encountered in oil reservoirs. Reservoir temperatures increase with burial depth, usually by 3°C per 100 m depth, with temperatures reaching above 150°C (Beal 1946; Jahn et al. 2008) . The cores in the oil recovery tests were restored with an initial water saturation (S wi ) of 0.2, saturated and aged in crude oil. The cores were successively flooded, first with LS brine, followed by LS brine containing CNC particles. The tests monitored both oil recovery and differential pressure values across the core during flooding.
Materials and methods

Materials
Cellulose nanocrystals
Cellulose nanocrystals (CNC) were acquired from the Process Development Centre at The University of Maine (USA). The particles were produced by the Forest Products Laboratory (FPL), USDA (US: Department of Agriculture) by acid hydrolysis of softwood pulp using 64% (by mass) sulphuric acid. CNC from the same provider was analysed by Sacui et al. (2014) by transmission electron microscopy (TEM) and atomic force microscopy (AFM). The charge density associated with sulphate ester groups was evaluated by Heggset et al. (2017) . All values are shown in Table 1 .
An earlier investigation characterized the dispersion stability of the CNC particles at elevated temperatures (Heggset et al. 2017; Molnes et al. 2017) . The particles are considered relatively stable in low saline dispersions at the temperatures and time scales applicable to the current study. However, the colloidal stability of CNC is to some degree influenced by electrolytes. Zhong et al. (2012) report that the zeta potential of CNC dispersions is reduced to below -30 mV and that particle agglomeration starts at Na ? concentrations of 10 mM (Zhong et al. 2012) . High temperature conditions also cause desulphation of CNC surfaces, resulting in surface charge reduction and concomitant colloidal stability reduction (Dorris and Gray 2012) .
Brines
Brines were prepared using de-ionized (DI) water and reagent grade chemicals as shown in Table 2 . After addition of salts, brine solutions were stirred for approximately 1 h prior to filtration over 0.22 lm Millipore filter paper. Formation water (FW) brine was diluted five times with DI water and is hereafter denoted d 5 FW. Completed brine solutions were stored at room temperature. CNC dispersions were prepared by adding precise amounts of CNC to LS brine in order to achieve a concentration of 0.5 wt%. Prepared dispersions were vigorously agitated in order to ensure the dispersion state of the particles in the brine. The salinity contribution by Na ? present in the CNC particles is not considered, as Na ? is present in CNC in only minuscule proportions.
Core material
Two cylindrical outcrop sandstone cores were utilised in the experiments, and are denoted SM8 and SM10, respectively. The mineralogical properties were previously characterized by X-ray diffraction analysis (XRD), and are listed in Table 3 .
The physical properties of the cores are provided in Table 4 .
The pore distribution of the core material was previously characterized by mercury injection (MICP), confirming a heterogeneous pore distribution, as shown in Fig. 1 .
Previous EOR and LS brine studies utilized the same outcrop core material, with very good experimental reproducibility between individual cores (Piñerez Torrijos et al. 2016; Torrijos et al. 2017 ).
Crude oil
Stabilised crude oil was centrifuged at a high rotational rate for 1 h and filtrated through an 8 lm Millipore filter and finally with a 5 lm filter to remove particles and precipitates. The acid number (AN) characterises crude oil with respect to the total concentration of strong and weak acidic organic compounds, and is expressed quantitatively as the amount of potassium hydroxide (KOH) required in order to neutralise the acids contained within a single gram of oil. The base number (BN) is a measure of the alkalinity of crude oil, given in mg KOH/g crude oil. (Heggset et al. 2017 ) and (Sacui et al. 2014 Measured with inductively coupled plasma-atomic absorption (ICP-AA) (Heggset et al. 2017) c Determined with atomic force microscopy (AFM) (Sacui et al. 2014) (ASTM 1988 (ASTM , 1989 Fan and Buckley 2006) . Crude oil properties are listed in Table 5 .
Methods
Core cleaning
A mild core cleaning procedure was implemented. The core was first flooded with kerosene to displace any residual crude oil from the core. Subsequently, injected heptane displaced the kerosene, and finally the core was flooded with 1000 ppm NaCl brine for several pore volumes (PV), in order to displace brine and readily dissolvable salts. Finally, the core was dried at 90°C until a constant weight was achieved.
Core restoration
An initial water saturation (S wi ) value of 20% was established in the mildly cleaned and dried core. The core was saturated under vacuum with 5 times diluted FW (d 5 FW). 20% S wi with FW was established using the desiccator technique (Springer et al. 2003) . Oil saturation and core aging. The core with S wi = 20% was mounted in a core holder. Gas was removed from the pores by vacuum evaporation, and the core was saturated with crude oil. The core was then flooded with two PV of filtrated crude oil in both directions at 50°C. The core was then placed in an aging cell and aged for 14 days at the corresponding test temperature (60 or 90°C) prior to oil recovery experiments.
Oil recovery experiment
The oil recovery experiment was performed in a computer controlled setup with a Gilson HPLC 307 pump, stainless steel piston cells with either LS brine or CNC-LS brine dispersion. The Hassler core holder was placed in a heating cabinet with gauges for monitoring the inlet and differential pressure (DP), as well as the temperature. All experiments were performed with a confining pressure of 20 Bar and a back pressure of 10 Bar. A schematic overview of the core flooding setup is shown in Fig. 2 .
The restored core was placed in the core holder. The core was equilibrated at test conditions overnight with bypass flow (no fluid flooded through the core) to ensure stable temperature and pressure as well as air tight flood lines prior to testing. The core was successively flooded with LS brine and CNC-LS dispersion at a rate of 4 PV/day. Produced oil and water was monitored and collected using a glass burette during daytime hours, and a Gilson GX-271 Liquid Handler (Gilson Inc., Middleton, WI, USA) at night.
CNC injectivity and core permeability
The core permeability was measured on a 100% water saturated core by flooding LS brine at increased flood rate to acquire stable and accurate differential pressure (DP) measurements. This was performed prior to injecting CNC-LS dispersion and subsequently between each temperature step. Fig. 1 Pore size distribution tested by Mercury injection (MICP) into a core from the same block as the tested core material. The core material has a heterogeneous pore size distribution, with pores ranging from * 0.01 to 100 lm. The majority of the pores are in the range of 10 lm Permeability is calculated using the Darcy equation (Eq. 1) and is expressed in units of milliDarcy (mD) (Zolotukhin and Ursin 2000) :
where, l Viscosity of the injected fluid (for water at 60°C = 0.47 mPa s), Dx Length of sandstone core sample (cm), A Cross sectional area of sandstone core sample (cm 2 ), u Flow rate of the injected fluid (mL/ min), DP Differential pressure over the sandstone core sample (mBar).
Oil recovery experiments were performed in the same core flooding setup, using crude oil saturated core SM10 with S wi = 20%, at 60 and 90°C. The core was cleaned and restored prior to each EOR test.
Effluent characterisation
The viscosity of brine and effluent CNC-LS samples was assessed using an Anton Paar MCR 301 rotational rheometer. The instrument was configured with a 50 mm 1°cone and plate geometry with a measuring gap of 0.096 mm. Measurements were performed at 20°C, with shear rates from 10 to 1000 1/s, and were monitored and logged using the Rheoplus software v3.40.
pH values of LS and CNC-LS effluent samples were measured with a Mettler Toledo SevenEasy TM pH meter.
Results and discussion
CNC injectivity study
The injectivity of CNC into sandstone cores was investigated. LS brine with 0.5 wt% CNC was injected at constant temperature into 100% LS saturated outcrop sandstone core SM8 at an injection rate of 4 PV/day. Inlet pressure and differential pressure across the core was monitored throughout the experiment, and effluent samples were collected. After each (2018) 25:2289-2301 2295 experiment, the core was cleaned by injection of LS brine in the opposite flow direction, until a stable pressure drop measurement was achieved. Individual experiments were performed at a constant temperature values, including 60, 90, and 120°C.
Core flooding experiments at 60°C showed an initial DP value of 6 mBar (100% LS brine saturation), and the pressure drop gradually increased to 15 mBar after 1 PV of CNC-LS injection, and continued to increase with CNC-LS injection. After 7 PV of CNC-LS injection, the DP value increased to 60 mBar. Viscosity measurement on effluent samples showed only a very small reduction in the viscosity of the CNC-LS dispersion, confirming that most CNC particles are transported through the porous media, and a large portion of the pressure build-up is attributed to filtration of the largest fraction of CNC particles at the inlet surface. Effluent viscosity measurements are shown in Fig. 3 .
The core SM8 was regenerated for subsequent testing by flooding the core with LS brine in the reverse direction, in order to remove CNC particles from within the core and from the inlet surface. LS brine flooding confirmed only slight changes in permeability of the regenerated core in comparison to the initial core. The CNC-LS flooding test was repeated at both 90 and 120°C. Pressure build-up effects are shown in Fig. 4 .
A slower pressure build-up process is observed at 90 and 120°C comparison to 60°C. The viscosity of effluent samples at 90 and 120°C are also in line with the effluent viscosity at 60°C, confirming that a majority of the viscosity-contributing CNC particles are transported through the porous media at all tested temperatures, as indicated in Fig. 3 . At a shear rate of 10 1/s, the effluent viscosity at 60, 90 and 120°C is approximately 1.40 mPa s, while the viscosity of the bulk dispersion is 1.45 mPa s. In a previous study, the viscosity of the CNC-LS solution significantly increased during long term temperature aging (Molnes et al. 2017) . No increases in CNC-LS effluent viscosity were observable in the current experiments. A possible explanation is that CNC particles are not trapped in the pore matrix for sufficiently long time durations in order for the viscosity increase to occur. At an injection rate of 4 PV/day, a CNC particle will reside in the core for approximately 6 h during traversal from the inlet to the outlet. Previous heat aging experiments revealed that this increase in viscosity is not observed before the dispersion has aged for a minimum of 20 h (Molnes et al. 2017) . At the laboratory time scale, the injection timescale is too short in order to observe the viscosity changes. However, at the reservoir timescale, a distinct possibility remains that the delayed thermal viscosification effect may increase the effective viscosity of the CNC-LS solution, providing extra support to oil recovery processes at both the micro-scale and the macro-scale.
The core permeability in the various experiments is listed in Table 6 . Permeability values, expressed in mD, were acquired using Eq. 1.
The measured permeability of the core sample increased after the 90°C CNC-LS injection. The permeability increase was not anticipated, because Fig. 3 Core flooding with 0.5 wt% CNC-LS brine into core SM8 at 60, 90 and 120°C. The viscosity of effluent samples was measured and compared with the viscosity of a pre-flooded CNC-LS sample. Measurements were performed at increasing shear rates at 20°C Fig. 4 Core flooding of a 100% LS saturated sandstone core SM8. The core was flooded with 0.5 wt% CNC-LS brine at a rate of 4 PV/Day at 60, 90, and 120°C. Pressure drop (DP) over the core was measured as a function of PV injected earlier injection studies with CNC-LS generally show a reduction in permeability, attributable to CNC particle entrapment within the porous medium (Molnes et al. 2016) . The reason for the observed effect is evidently the onset of degradation of residual CNC particles trapped within the porous media. Prolonged exposure to high temperatures alters the surface chemistry of the CNC, for example by release of sulphate ester groups (Molnes et al. 2017) , and this surface change may result in desorption/un-jamming of trapped CNC particles. Combined with an elevated injection rate between the measurements, the CNC particles likely become expelled from the core sample.
The increase in differential pressure over the core SM8 is primarily caused by filtration at the core inlet, but some particle adsorption on pore surfaces or jamming in pore throats cannot be conclusively ruled out. As mentioned in the Introduction section, the CNC particles are negatively charged, due to sulphate half ester substitution occurring on the surface during the production process. Silicate minerals residing in the pore surfaces are also negatively charged, precluding electrostatic adsorption.
pH conditions in effluent samples were also tested. It is known that brine pH in non-buffered systems typically increases when flooded through sandstone, due to cation exchange with pore surface minerals. H ? originating from the brine becomes exchanged with cations residing at mineral surfaces (Austad et al. 2010) . The bulk pH of the CNC-LS brine was 5.7, as shown in Fig. 5 .
As shown in the figure, the pH measurements in CNC-LS effluent samples at 60, 90 and 120°C confirmed corresponding DpH values of 1.7, 1.5 and 1.1 respectively. The results are in agreement with reduced observed pH differentials during LS brine injection in sandstone cores at increasing temperature conditions (Piñerez Torrijos et al. 2016) .
Observed effluent pH may also be influenced by the CNC chemistry. For instance, sulphate ester groups may be split off (Dorris and Gray 2012; Heggset et al. 2017; Molnes et al. 2017 ).
Oil recovery experiments
Enhanced oil recovery experiments were performed at 60 and 90°C using sandstone core SM10. After a mild core cleaning, the core was restored with S wi = 20%, and saturated and aged in crude oil. The tests were performed by initial LS injection (secondary mode) until the ultimate oil recovery plateau was attained. Subsequently, the CNC-LS solution was injected in tertiary mode.
Results from the oil recovery test performed at 90°C are shown in Fig. 6 .
During secondary LS brine injection tests, the quantity of recovered oil was shown to increase steadily, and an ultimate recovery plateau of 66% OOIP was attained after 8 PV was injected. The LS recovery result corroborates experimental results observed by (Piñerez Torrijos et al. 2016) .The measured DP value gradually decreased as the water saturation of the core increased. Fluctuations in DP were observed during LS injection, indicating that mobile oil is flowing through the pore throats. The DP fluctuations diminished when the ultimate recovery was attained. 19 PV of LS brine was injected in order to ensure that all mobile oil was ejected from the core outlet. When CNC-LS brine was injected, an increase in differential pressure was observed. During the subsequent 11 injected PV, 3.4% OOIP extra oil was produced. During the same period, there was also an observable increase in DP fluctuations, potentially indicating increased oil mobilisation in pore space volumes resulting from introduction of CNC particles. At the end of the experiment, the injection rate was increased by 4 times to 16 PV/day. Differential pressure increased significantly with increased injection rate and additional oil production of 5.4% OOIP was obtained. The pH of the bulk CNC-LS dispersion was 5.7, and the pH measured in sampled CNC-LS effluent was 7.4.
Oil recovery studies on the same CoBR system confirm reproducible ultimate recoveries during secondary FW injections in the range of 35-40% OOIP at 60-120°C, which are explained by low pH of produced water (PW) which does not promote wettability alteration or increased microscopic sweep efficiency (Piñerez Torrijos et al. 2016) . In comparison to the ultimate oil recovery plateau of 66% and pH increase observed during secondary LS injections, the effect of improved microscopic sweep efficiency could have a dramatic impact on the amount of oil producible from heterogeneous pore structures, and tertiary CNC-LS injection at 90°C was able to improve the ultimate recovery from 66 to 69.4% OOIP.
A second oil recovery experiment was performed on core SM10 at 60°C, using CNC-LS in tertiary mode subsequent to LS injection. Results from the test are presented in Fig. 7 .
During LS injection, oil recovery gradually increased and reached 45.8% OOIP after 11 PV. Fluctuations in DP signify release of oil trapped within the pores. After injection of 5 PV, differential pressure fluctuations diminished as oil production decreased. In comparison to the experiment performed at 90°C and previous LS EOR experiments performed on the same CoBR system, the LS brine only improved the oil recovery from 40% OOIP, which is expected as a baseline recovery value without wettability alteration using FW, to 45.8% OOIP after injection of 11 PVs. In this experiment, the LS brine failed to impart an efficient wettability alteration and increased microscopic sweep efficiency.
At 11 PV, the injection brine was changed to CNC-LS. At the changing point, the core was less water wet in comparison to the experiments observed after LS injection at 90°C and at 60°C by (Piñerez Torrijos et al. 2016) . As the CNC-LS brine was injected, the differential pressure increased with accompanying increased pressure fluctuations, as shown in Fig. 7 . Introduction of CNC particles into pores space affects fluid flow within the pores, and log jamming of CNC particles in pore throats and redistribution of oil is a probable explanation of the observations. At less water-wet conditions, CNC-LS injection does not provide significantly improved oil recovery in comparison to LS injection. The experiment was terminated after 20 PV injection, with an ultimate oil recovery of 51% OOIP. Table 7 shows measured pH Fig. 6 Oil recovery test performed on core SM10 at 90°C. The core with S wi = 0.2 and saturated and aged with crude oil, was successively flooded with LS-CNC-LS brines a rate of 4 PV/ Day. The oil recovery (% OOIP) and DP (mBar) are shown as a function of PV injected (time). At the end, the injection rate was increased to 16 PV/Day Fig. 7 Oil recovery test performed on core SM10 at 60°C. The core with S wi = 0.2 and saturated and aged in crude oil, was successively flooded with LS-CNC-LS brines at a rate of 4 PV/ Day. The Oil recovery (%OOIP) and the DP (mBar) are reported as a function of PV injected (time) values for bulk LS brine and CNC-LS dispersion prior to injection, and pH values of produced water samples during LS and CNC-LS injection.
A smaller pH increase is observed in PW samples during CNC-LS injection as compared to LS brine injection, likely indicating that CNC-LS brine is less efficient as a wettability modifier. The pH measured values may also be influenced by desulphation processes (Dorris and Gray 2012) .
For both experiments, a fluctuation in differential pressure over the core was observed during CNC-LS injection in tertiary mode, which is interpreted as an indication of log jamming and redistribution of oil within the pore space. The pores are distributed within the size range from 0.01 to 100 lm, with a peak frequency of occurrence at 10 lm. According to Zhong et al. (2012) , CNC can form agglomerates of approximately 1 lm at a Na ? salinity of 50 mM. Agglomeration is also promoted by surface charge reduction by desulfation at elevated thermal conditions, resulting in reduced inter-particle repulsion. Log jamming is therefore a likely mechanism with respect to colloidal stability considerations. An increase in pH is observable for the CNC-LS dispersion at both test temperatures, with the largest increase observed at 90°C, with a D pH of 1.7. At 60°C, the D pH was 0.8. The large jump at 90°C is most likely caused by changes in the reactivity of CNC particles at increasing temperature. The rock minerals contribute with an identical pH increase during LS injection at 60, 90, and 120°C (Piñerez Torrijos et al. 2016) . As discussed, the CNC particles may cause water diversion by jamming easily flooded pore throats, leading to water flow diversion into less accessible pores.
Conclusions
The injectivity of CNC-LS brine into sandstone cores has been studied at 60, 90, and 120°C. The CNC particles were injectable at all studied temperatures. Rheological measurements of effluent samples confirm that a majority of CNC particles traverse the core. The increase in differential pressure was substantially lower at 90 and 120°C, in comparison to 60°C. Core regeneration by injection of low salinity brine in reverse confirmed that most of the retained particles were filtered at the core inlet, and that only small changes in core permeability were observed. The particle size of CNC should be optimized in order to reduce the observed filtration at the core inlet. Oil recovery tests with CNC-LS brine used in tertiary mode after LS injection showed that the CNC dispersion affects fluid flow in the pores. As the CNC dispersion was injected, increased differential pressure fluctuations over the core were observed.
The oil recovery experiment performed at 90°C showed a small but significant tertiary CNC-LS EOR effect of 3.4% OOIP, subsequent to a secondary LS injection promoting an efficient wettability alteration towards more water wet conditions. In the absence of efficient wettability alteration during LS injection, no significant EOR effect during tertiary CNC-LS was observed in the oil recovery test performed at 60°C. The preliminary results indicate that CNC particles may have potential as green flooding fluid additives, but that more investigation is needed.
At this early stage of research, it is difficult to ascertain a mechanism attributable to the extra oil observed. CNC particles may participate in log jamming and agglomeration in pore throats, as the core flooding showed increased pressure drop fluctuations during CNC-LS injection. Both the CNC particles and the silicate minerals present in the cores are negatively charged at typical reservoir pH, and further studies should include CNC particles with modified surface charges which could affect log jamming and flow diversion. The chemistry of the CNC particles also effected the CoBR chemistry that is essential to understanding wettability and wettability alteration processes, as observed during FW and LS brine injection. 
